Genus Xanthomonas encompasses specialized group of phytopathogenic bacteria with genera Xylella, Stenotrophomonas and Pseudoxanthomonas being its closest relatives. While species of genera Xanthomonas and Xylella are known as serious phytopathogens, members of other two genera are found in diverse habitats with metabolic versatility of biotechnological importance. Few species of Stenotrophomonas are multidrug resistant opportunistic nosocomial pathogens. In the present study, we report genomic resource of genus Pseudoxanthomonas and further in-depth comparative studies with publically available genome resources of other three genera. Surprisingly, based on deep phylo-taxono-genomic or DEEPT criteria, all the four genera were found to be one genus and hence synonyms of Xanthomonas. The members of Pseudoxanthomonas are more diverse and ancestral and rest forming two mega species groups (MSGs) i.e. Xanthomonas Xylella (XX-MSG) and Stenotrophomonas (S-MSG). Within XX-MSG, there are 3 species complexes i.e., X. citri complex (Xcc) member species are primarily pathogenic to dicots, X. hyacinthi complex (Xhc) member species are primarily pathogenic to monocots and Xanthomonas (Xylella) fastidosa complex (Xfc) with diverse phytopathogenic potential. Interestingly, Xylella seems to be a variant Xanthomonas lineage or species complex that is sandwiched between Xcc and Xhc. Like Xylella, within S-MSG, we find a species complex of clinical origin Xanthomonas (Stenotrophomonas) maltophilia complex (Xmc). Comparative studies revealed selection and role of xanthomonadin pigment and xanthan gum in emergence of plant pathogenic XX-MSG. Pan genome analysis also revealed large set of unique genes with particular functions suited for plant/animal lifestyle responsible for emergence of variant Xfc and Xmc species complexes. Overall, our systematic and large scale genera based study has allowed us to understand the origin and to clarify the taxonomic breadth of genus of high importance in agriculture, medicine and industry. Such DEEPT genomics studies are also way forward to identify right markers or functions for diagnosis and drug development of any pathogenic bacteria.
Xanthomonas maltophilia (Palleroni and Bradbury 1993) . Similarly, type species of the genus Pseudoxanthomonas i.e. P. broegbernensis (Finkmann, Altendorf et al. 2000) was separated from Xanthomonas and Stenotrophomonas based on the absence of the fatty acid 3-hydroxyiso-tridecanoic acid and by their ability to reduce the nitrite but not nitrate to N 2 O and from genus Xylella by the presence of branched-chain fatty acids (Yang, Vauterin et al. 1993 , Assih, Ouattara et al. 2002 , Thierry, Macarie et al. 2004 . Further, genus Xylella is having highly reduced genome and GC content in the XSXP phylogroup, hence, taxonomic and phylogenetic status of Xylella needs critical examination (Wells, Raju et al. 1987 , Finkmann, Altendorf et al. 2000 , Simpson, Reinach et al. 2000 . Considering importance of members of these genera in agriculture, medicine and industry there is a need to carry out systematic and large scale genome based studies of XSXP genera.
Advent of cost-effective and high-throughput genomics era is transforming the way we understand the relationship of bacteria (Garrity 2016) . Whole genome information will not only enable us to understand the emergence of new lineages, strains or clones but also establish identity along with relationship of a bacterium at the level of species and genera .While for species delineation average nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH) are highly accurate with 96% and 70% cut-offs, respectively (Richter and Rosselló-Móra 2009, Auch, von Jan et al. 2010) . New criteria are also becoming available for delineation of members at the genus level. Apart from phylogenetic trees based on large set of genomic markers and core genome, there are criteria like average amino acid identity (AAI) and percentage of conserved protein (POCP) that have been proposed for genus delineation with 60-80% and 50% cut-offs, respectively Tiedje 2005, Qin, Xie et al. 2014) . POCP is affected by genome size and hence cannot be used for the species undergoing extreme genome reduction like Xylella (Qin, Xie et al. 2014 , Hayashi Sant'Anna, Bach et al. 2019 ). However, core genome based trees and AAI are not affected by genome reduction and can be employed to establish identity and relationship of genera irrespective of genome size and or GC content , Hayashi Sant'Anna, Bach et al. 2019 , Indu, Ch et al. 2019 ).
Due to economic importance, genome resource of type strains of genus Xanthomonas (https://www. ncbi.nlm.nih.gov/genome/?term=xanthomonas) and Xylella (https://www.ncbi.nlm.nih.gov/genome/?term=xylella) is publically available. In an earlier study from our group, we reported genomes and taxonogenomic study of type strains of the genus Stenotrophomonas (Patil, Midha et al. 2016) . But, genomic resource of type strains of Pseudoxanthomonas is warranted for large scale genome level evolutionary study of these genera. In this study, we have generated genomic resource of type strains of the genus Pseudoxanthomonas and utilized available genomic resource of other three genera to carry out deep genome based phylogenetic, taxonomic and evolutionary studies. Present study reveals that all these four genera actually belong to one genus and hence synonym of genus Xanthomonas. Further, phylogenomic investigation revealed that members of the genus Pseudoxanthomonas form diverse backbone to other three genera. Genus Xylella is phylogenomically closer to Xanthomonas than Stenotrophomonas and is in fact a variant intermediate or variant lineage or species complex that is sandwiched between two plant pathogenic Xanthomonas species complexes associated with dicots and monocots.
Interestingly, our study revealed species complex associated with clinical species is also a variant lineage or species complex within the genus Stenotrophomonas.
Comparative gene-content studies revealed importance of a pigment and exopolysaccharide in origin of Xanthomonas Xylella MSG and large set of unique genes in emergence of variant species complexes whose members have animal/plant bimodal lifestyle. The genomic resource, unique gene sets and counterintuitive findings from this deep phylo-taxonogenomic or DEEPT genomic study of XSXP have major implications in understanding, classification and management of pathogenic species/species complexes of importance in agriculture and medicine. At the same time, it will also help in systematic exploitation of the species of biotechnological importance.
Results

Genomic resource of genus Pseudoxanthomonas
Genome sequencing of 15 Pseudoxanthomonas type strains was carried out in-house (Pl. see methods) and raw reads were assembled de novo resulting in draft genomes with minimum contig size of 500 bp. 
Phylogenomics of XSXP phylogroup
To access the relationship amongst the strains of XSXP phylogroup, we constructed and compared genome based phylogeny at the two levels. Phylogeny constructed on the basis of large set of genes core to the bacterial world (figure 1) and set of genes core to XSXP phylogroup (figure 2) correlated with each other (pl. see methods). Based on our previous study of order Xanthomonadaceae (Lysobacteraceae), we used Luteimonas mephitis DSM12574 T as an outgroup of XSXP (Kumar, Bansal et al. 2019 
Taxonogenomics of XSXP phylogroup
In order to delineate members of XSXP at genera and species complexes level, we further carried out taxonogenomic analysis using AAI (figure 3), POCP (figure 4) and at the level of species using ANI (supplementary figure 1). Due to drastic genome reduction in case of gardneri, X. cynarae, which represent miss-classified different species.
Xanthomonadin and exopolysaccharide cluster
Distinct yellow xanthomonadin pigment, encoded by pig gene cluster, and thick mucous exopolysaccharide or xanthan encoded by gum gene cluster are characteristic features of canonical plant associated Xanthomonas species (Rajagopal, Sundari et al. 1997 , Katzen, Ferreiro et al. 1998 ). Since, we are expanding breadth of Xanthomonas genus on the basis of phylo-taxono-genomics parameters, we scanned these clusters in the genomes of XSXP constituent genera and species (figure 5). Among the XX-MSG, both the clusters were highly conserved in sequence and distribution in Xcc and Xhc. Xhc members have diversified clusters with X. albilineans and X. theiocola as exceptions as they lack gum gene cluster.
Further, members of Xfc showed incomplete and possibly degenerated clusters, with gumN, gumM, gumI, gumG and gmuF absent from the gum cluster and orfs 8, 11, 13 and 14 absent from the pigment cluster.
Interestingly, in large majority members of other two genera understudy, these clusters are either absent or incomplete and less conserved. Specifically, while all members of genus Interestingly, none of the Xmc species have both the clusters.
Pan genome analysis
Since XSXP group comprises of species complexes of diverse ecological niches, we performed pan genome analysis to access the species complex specific gene content. to "signal transduction mechanisms" is second major class after hypothetical proteins, Xfc is having more of "cell wall/membrane/envelope biogenesis", "secondary metabolites biosynthesis, transport and catabolism" and "coenzyme transport and metabolism". Whereas, Xmc was having more of "transcription", "signal transduction mechanisms", "intracellular trafficking, secretion and vesicular transport", "cell wall/membrane/envelope biogenesis" and "inorganic ion transport and metabolism". However, "intracellular trafficking, secretion, and vesicular transport", "defence mechanism", "replication, recombination and repair" and "cell cycle control, cell division, chromosome partitioning" were present in both Xmc and Xfc.
Discussion
The ability to sequence genome of large number of strains in a cost effective manner is transforming the way we do genetics, phylogeny and taxonomy of bacteria. Inferring phylogeny based on limited sequence information like 16S rRNA and housekeeping genes can be highly misleading (Sangal, Goodfellow et al. 2016) . Genomic investigation is the finest and best way to look at organism identity, biology and ecology in proper context.
Genome based comprehensive taxonomic studies at various levels such as: order
Methylococcales, order Bacillales, genus Borrelia, genus Lactobacillus have resulted in Similarly, in whole genome studies using representative reference strains from our lab have successfully resolved misclassifications in order Xanthomonadales (Lysobacterales) at the level of family (Kumar, Bansal et al. 2019) . Similarly, in case of plant pathogenic
Xanthomonas population at the level of species and clones (Bansal, Midha et al. 2017 , Kumar, Bansal et al. 2019 , while in case of Stenotrophomonas at the level of species (Patil, Kumar et al. 2018 ). However, deeper genera and intra-genera genome based investigation at phylogenetic and taxonomic level was lacking. Considering importance of members of XSXP phylogroup in plant and human health apart from biotechnological potential, we carried out in-depth investigation by incorporating large or all the members of four closely related genera through modern genome-based criteria.
Present taxonogenomic and phylogenomic analysis revealed the role of evolutionary and ecological diversity in formation of species and species complexes that actually belong to sontii or other that infect monocots with X. theicola as an exception. Second complex corresponds to X. citri complex Xcc that primarily consists of pathogenic species infecting dicots with few exceptions and third is Xfc, a phytopathogen of fastidious nature. Also, while XX-MSG is primarily plant associated or plant pathogenic, the S-MSG consist of members that have diverse lifestyle as soil dwelling, aquatic, plant epiphyte and even as nosocomial but not pathogenic to plants (Patil, Midha et al. 2016) . Clinical strains of S. maltophilia were found to belong to species complex (Patil, Kumar et al. 2018 , Gröschel, Meehan et al. 2019 ).
Accordingly, we can find a species complex in S-MSG consisting of clinical species along with plant and environmental associated Stenotrophomonas species. However, this need to rename into Xanthomonas maltophilia complex (Xmc) in the light of new findings from this study.
Conservation of xanthomonadin pigment and gum gene clusters in Xcc and Xfc of the XX-MSG suggests importance of pigment and exopolysaccharide production in obligate plant associated lifestyle. Since, plants are directly and continuously exposed to light, for a successful phytopathogen, it is important to have a unique pigment like xanthomonadin (Rajagopal, Sundari et al. 1997) . It is shown that xanthomonadin provides protection against photodamage in X. oryzae pv. oryzae that infect rice (Rajagopal, Sundari et al. 1997 it is not surprising that in Xylella the clusters are not under natural selection. Genetic studies revealed that pig cluster is not required for virulence in plants (Rajagopal, Sundari et al. 1997 ). Hence, conservation of pig cluster in Xcc and Xhc without their role in virulence suggests that epiphytic mode is also important in plant adaptation (Pandey and Sonti 2010) .
Interestingly, presence of a pig and gum clusters in few members of XSXP outside XX-MSG suggests that these clusters are ancestral and present as incomplete clusters in the population even before emergence of Xcm and Xch. Later on, they got evolved and selected when Interestingly, even though highly reduced genome compared to other XSXP members,
Xylella have acquired more genes than Xmc. Even though Xylella seems to have underwent drastic genome reduction, acquisition of large number of unique genes of particular functions has played important role in its emergence into a successful phytopathogen. In both these variant lineages or complexes (Xfc and Xmc), acquisition of functions related to regulation suggest that apart from gene gain, the regulation of core or novel genes has also played important role in their success. Commonality of functions of unique genes related to functions like "intracellular trafficking, secretion, and vesicular transport", "defence mechanism", "replication, recombination and repair" and "cell cycle control, cell division, chromosome partitioning" again reiterate their opportunistic, variant origin and parallels in evolution for dual lifestyle. Even though both have dual life style, unique gene analysis allowed us to pinpoint functions like adhesion in Xylella and efflux proteins/peroxidise, etc.
(for antimicrobial resistance, particularly in hospital settings) along with a novel type II secretion system in Xmc that were important in their success. Even though an opportunistic human pathogen, a novel type II secretion system may be compensating the absence of type 
Emended Description of Genus Xanthomonas (Dowson 1939)
Synonym: Pseudoxanthomonas (Finkmann, Altendorf et al. 2000) , Stenotrophomonas (Palleroni and Bradbury 1993) and Xylella (Wells, Raju et al. 1987 
Emended description of Xanthomonas hyacinthi complex (Xhc)
This complex was identified based on whole genome taxonomic criteria like ANI, AAI and POCP analysis along with phylogenetic analysis with set of genes conserved in bacterial world and genes core to members of four genera i.e. Xanthomonas, Xylella, Stenotrophomonas and Pseudoxanthomonas. The complex comprises 6 species namely, X.
hyacinthi, X. sontii, X. sacchari, X. albilineans, X. translucens and X. theicola. These are primarily associated with monocots following pathogenic and non-pathogenic lifestyle.
However, X. theicola is an exception as it is pathogenic to dicot hosts. The description is based on Vauterin et al. (Vauterin, Hoste et al. 1995) .
Emended description of Xanthomonas fastidosa complex (Xfc)
Synonym: Xylella fastidosa
This complex was identified based on whole genome taxonomic criteria like ANI, AAI and POCP analysis along with phylogenetic analysis with set of genes conserved in bacterial world and genes core to members of four genera i.e. Xanthomonas, Xylella, (Wells, Raju et al. 1987) .
Emended description of Xanthomonas maltophilia complex (Xmc)
Synonyms: Stenotrophomonas maltophilia complex (Smc)
This complex was identified based on whole genome taxonomic criteria like ANI, AAI and POCP analysis along with phylogenetic analysis with set of genes conserved in bacterial world and genes core to members of four genera i.e. Xanthomonas, Xylella, Stenotrophomonas and Pseudoxanthomonas. The complex comprises 6 species namely, S. hibiscicola, S. pavanii, S. africana, S. geniculata, S. maltophilia and S. beteli. Out of these, only S. maltophilia and S. africana are of nosocomial origin. The description of this complex is same as described by Palleroni and Bradbury (Palleroni and Bradbury 1993) .
Methods:
Bacterial strains and culture conditions
A total of 76 strains were used in the present study. Genome sequence of 33, 19 and 2 were type strains of Xanthomonas, Stenotrophomonas and Xylella, were available from the NCBI database (https://www.ncbi.nlm.nih.gov/). Out of twenty type strains of Pseudoxanthomonas we have procured and generated whole genome information of fifteen strains as genomes of remaining five type strains was publically available (https://www.ncbi.nlm.nih.gov/). The type strains were procured from culture collections of The Leibniz Institute DSMZ -German
Collection of Microorganisms and Cell Cultures GmbH DSMZ and Korean Collection for
Type Cultures (KCTC, Korea) KCTC. All the strains were grown on the media and under conditions recommended by respective culture collections. The raw sequencing reads were assembled into the high-quality draft genome using SPAdes v3.10 (Bankevich, Nurk et al. 2012 ) which is a de Bruijn graph-based assembler for the bacterial genome. Quality of the assembled genome was accessed using QUAST v4.4 (Gurevich, Saveliev et al. 2013 ) and overall coverage of assembled genome was calculated using BBMap (Bushnell 2014) . The assembled genomes were annotated using NCBI prokaryotic genome annotation pipeline (Tatusova, DiCuccio et al. 2016 ).
Whole genome sequencing, assembly and annotation
Whole genome based phylogeny
Phylogenomic analysis based on more than 400 putative conservative genes was carried out using PhyloPhlAn v0.99 (Segata, Börnigen et al. 2013 In order to obtain a more robust whole genome phylogeny, core genome based phylogeny was constructed using MAFFT v7.31 (https://mafft.cbrc.jp/alignment/software/) and the FastTree v2.1 (Price, Dehal et al. 2009 ) which was integrated within the roary v 3.11.2 (Page, Cummins et al. 2015) with identity cut-off of 60%. Implementation of the tools can be found in detail under the section of pan genome analysis.
Taxonogenomics analysis
Genome relatedness was assessed using the average amino acid identity (AAI), percentage of conserved protein (POCP) and average nucleotide identity using (ANI). AAI was calculated using CompareM v0.0.23 (https://github.com/dparks1134/CompareM), which uses the mean amino acid identity of orthologous genes between a given pair of genomes. POCP is another method to evaluate the genome relatedness at genus level, which is based on amino acid conservation. POCP is calculated with the blast search using the default settings ( 
Cluster analysis
Protein sequences of the gene clusters (Bansal, Midha et al. 2019) were used as query and tBLASTn searches were performed on the XSXP phylogroup genomes. Here, tBLASTN searches were performed using standalone BLAST+ v2.9.0 and cut-offs used for identity and coverage were 50% and 50% respectively. Heatmap for the blast searches were generated using GENE-E v3.03215 (https://software.broadinstitute.org/GENE-E/).
Pan genome analysis
Pangenome analysis of the strains was performed using Roary v3.12.0 (Page, Cummins et al. Tables: Table 1 : Genome assembly statistics of species of the genus Pseudoxanthomonas. 
